Stress is a major risk factor for development of psychiatric disorders such as depression and development of substance use disorder. Although there are important sex differences in the prevalence of these disorders, most preclinical models used to study stress-induced disorders have used males only. Social defeat stress is a commonly used method to induce stress in an ethologically relevant way but has only recently begun to be used in female rodents. Using these new female models, recent studies have examined how social defeat stress affects males and females differently at the behavioral, circuit, and molecular levels. This Mini-Review discusses sex differences in the effects of social defeat stress on social behavior and drugseeking behavior as well as its impact on the mesolimbic dopamine system and the highly connected region of the bed nucleus of the stria terminalis. V C 2016 Wiley Periodicals, Inc.
Stress is a major risk factor for the development of psychiatric disorders such as depression, anxiety, and posttraumatic stress disorder. These disorders are frequently comorbid with substance use disorder (Kessler et al., 2005) , suggesting possible overlap in underlying mechanisms. At the population level, women are twofold more likely than men to suffer from anxiety and depression (Kessler, 2003) , and women may also be more vulnerable at every phase of the addiction cycle compared with men (Anker and Carroll, 2011) . However, most basic research examining the neurobiological mechanisms of these disorders has been conducted with male rodents. For example, social defeat stress is a robust and ethologically relevant way to induce stress in rodents, and this model has produced important discoveries on how stress alters brain circuits modulating behaviors related to stress-induced psychiatric disorders and addiction. Most studies have utilized male C57Bl6 mice or rats. However, the development of social defeat stress protocols in female rats, hamsters, and California mice (Peromyscus californicus) has created new opportunities to consider sex differences with respect to how stress impacts the brain. Although many neurobiological systems are affected by defeat stress (Buwalda et al., 2005; Hammels et al., 2015) , the mesolimbic dopamine system, which includes the ventral tegmental area (VTA) and nucleus accumbens (NAc), has emerged as an important pathway mediating the effects of stress on behavior. Additionally, recent data have highlighted the importance of the bed nucleus of the stria terminalis (BNST) as a critical nucleus modulating interaction among stress, motivation, and social behavior. This Mini-Review discusses how new models of female social defeat are providing novel insights into the mechanisms underlying sex differences with respect to how social stress affects motivated behaviors and the implications for mental health and addiction.
WHAT IS SOCIAL DEFEAT STRESS?
Social defeat is commonly used as an ethologically relevant stressor in rodents. Specific protocols vary across species and laboratories, with a common thread consisting of aggressive physical contact with a more aggressive individual. In most cases, the focal animal is an intruder in an unfamiliar cage and is unlikely to be aggressive toward the resident. Focal animals are randomly assigned to stress or control conditions, which controls for intrinsic differences in aggressive behavior and competitive ability. Social defeat induces behavioral phenotypes related to depression and anxiety such as social withdrawal, submissive behavior, or anhedonia. There is a significant variability in sensitivity to social defeat across species.
In Syrian hamsters (Mesocricetus auratus), a male that experiences a single episode of defeat will show submissive behaviors when faced with a smaller, nonaggressive intruder within its own home cage (Cooper et al., 2015) . The normal response in this context is aggressive behavior, so this inappropriate submissive behavior has been referred to as conditioned defeat (Jasnow and Huhman, 2001) . Similar changes are observed after multiple episodes of defeat (Huhman et al., 2003; Morrison et al., 2011 Morrison et al., , 2014 Jeffress and Huhman, 2013) . Repeated episodes of defeat add a different dimension both in total amount of stress experienced and in predictability. For instance, California mice show increased anxiety-like behavior immediately prior to a third episode of defeat stress (Greenberg et al., 2015) , presumably induced by conditioned stimuli present in the behavior testing room. Sensory contact is an important component of the most widely used protocols for male C57 mice (Golden et al., 2011) and rats (Vasconcelos et al., 2015) . This may be because males in these species are more resistant to social defeat. For example, after a short physical confrontation, a focal mouse is separated from the resident by a clear, perforated divider placed in a shared home cage. This sensory contact protocol is similar to that used by colleagues (1991, 2004) , who compared the behavioral and neurobiological changes induced by winning and losing aggressive encounters. Recently, a witness model of defeat was developed to separate the physical and psychological impacts of defeat stress (Sial et al., 2016) . A mouse (Warren et al., 2013; Sial et al., 2016) or rat (Patki et al., 2014 ) that observes its cage mate undergo defeat through a perforated barrier will exhibit some of the same behavioral changes seen in its cage mate that experiences physical stress. These approaches to social defeat stress reliably induce anxiety-like and depressionlike behaviors in males, and recently developed protocols have allowed for the study of effects of social defeat in both males and females.
Levels of aggression experienced during social defeat can vary between males and females of the same species, an important consideration when making comparisons between sexes. The California mouse is a monogamous species in which females defend territories with males (Ribble and Salvioni, 1990) . Social defeat in California mice has been optimized so that, on average, males and females are exposed to the same number of aggressive interactions across three episodes of defeat . Lactating rat dams are used to induce defeat in female rats (Holly et al., 2012; Shimamoto et al., 2015) . Although aggression levels of males and lactating dams are typically not compared in the same study, long-lasting behavioral changes are induced (Holly et al., 2012; Shimamoto et al., 2015) . Female Syrian hamsters are more aggressive than males (Payne and Swanson, 1970) , which has facilitated studies of defeat stress in female hamsters. Social defeat stress has been shown to induce long-term changes in brain and behavior in both males and females. This has led to the investigation of how social stress affects responses to natural and drug-related rewards at behavioral, circuit, and molecular levels.
EFFECTS OF SOCIAL DEFEAT ON
SOCIAL BEHAVIOR Social withdrawal is a common symptom of depression in humans, and this is modeled in rodents with the social interaction test. Kudryavtseva and colleagues (1991) were among the first groups to show that male C57Bl/6 mice subjected to defeat spent less time exploring a novel mouse compared with unstressed controls. Remarkably, this basic result has been replicated in different laboratories around the world (Berton et al., 2006; Krishnan et al., 2007; Venzala et al., 2012) and in different species (Trainor et al., 2011) . The effects of defeat on social interaction behavior can persist for more than 4 weeks after the last episode of defeat (Berton et al., 2006; Hollis et al., 2010) . This persistent phenotype resembles behavioral changes associated with depression and anxiety, which can linger for years. Finally, reduced social interaction behavior is reversed with chronic but not with acute antidepressant treatment (Kudryavtseva et al., 1991; Berton et al., 2006; Cao et al., 2010; Warren et al., 2013; Greenberg et al., 2014) . Thus, stress-induced reductions in social interaction have strong face and pharmacological validity to social withdrawal behavior observed in stress-induced psychiatric disorders. Examining sex differences in social interaction in response to defeat stress is a useful technique to study sex differences in rodent models of depression and anxiety.
California Mice
Male and female California mice exhibit different behavioral phenotypes in response to social defeat stress. Stressed females but not stressed males show decreased social interaction after exposure to 3 consecutive days of social defeat consisting of 7 min or seven attacks (Trainor et al., 2011 Greenberg et al., 2014 Greenberg et al., , 2015 , and this behavioral change is not accompanied by reduced locomotor or exploratory behavior. Similarly to the case in male C57Bl/6 mice (Berton et al., 2006) , stress-induced social withdrawal lasts for at least 4 weeks, and there is no effect of estrous cycle or gonadectomy (Trainor et al., 2011 see Fig. 1 ). Stressed females also show decreased biting and chasing and increased attack latency in the resident-intruder test as well as decreased investigation time of novel female urine in a habituation-dishabituation test (Trainor et al., 2011) .
Although defeat stress does not affect male behavior in the social interaction test, effects of defeat are more prominent when males are tested in a familiar environment. Stressed males exhibit decreased investigation time of novel male urine in the habituation-dishabituation test (Trainor et al., 2011) and increased freezing and escape behavior when tested as residents in the resident-intruder test . In contrast to social interaction testing, these tests are conducted in the home cage, suggesting that the environment is a critical factor modulating the effect of defeat on behavior. These results fit well with previous research demonstrating the importance of the environment in the context of winning aggressive encounters. Male California mice that win prior encounters are more likely to win future encounters, even if the intruder is larger (Oyegbile and Marler, 2005) . However, this "winner effect" is observed only when the focal mouse is tested in the home cage (Fuxjager et al., 2009) . Previous winning experience has no effect on aggressive behavior in a novel environment. Defeat reduces aggression in male crickets, and this effect is blocked when a male is transferred to a new environment (Hofmann and Stevenson, 2000) . It is likely that these context-dependent effects of experience on aggression are related to territoriality. Both male California mice and crickets must maintain a territory to reproduce. The context-dependent effects of defeat stress may allow for an individual to compete for resources in a new location after an unsuccessful outcome.
Syrian Hamsters
The reported effects of social defeat in Syrian hamsters are stronger in males than in females (Huhman et al., 2003) . This phenomenon is studied primarily through conditioned defeat testing. All male hamsters that experience social defeat will subsequently exhibit conditioned defeat behavior for at least 10 days afterward, and about 60% of male hamsters will continue to show conditioned defeat for at least 33 days after experiencing social defeat stress (Huhman et al., 2003) . Dominant male hamsters show less conditioned defeat than subordinates, but controls show an intermediate amount of submissive and defensive behavior and do not differ significantly from either dominants or subordinates (Morrison et al., 2011 (Morrison et al., , 2012 . In these studies, hamsters are allowed to establish dominance status on their own. Thus, resilience to defeat could be mediated by intrinsic factors, the experience of establishing dominance status, or both.
In female hamsters, social defeat stress does not have the same impact on conditioned defeat. Only 28% of defeated females show conditioned defeat behavior, and, unlike males, all defeated females exhibit normal territorial aggression by the second behavioral test 4 days after defeat (Huhman et al., 2003) . Defeated females tested during late diestrus and proestrus are more likely to exhibit conditioned defeat than females tested during early diestrus or estrus, Fig. 1 . Social interaction behavior in male and female California mice 4 weeks after social defeat. In the apparatus used for testing (A), the interaction zone is indicated by a blue box, and the corner zones are indicated by red boxes. There were no significant differences when mice were tested with an empty cage (B). Females but not males exposed to social defeat show reduced social interaction behavior with a novel mouse (C). Immediately after the social interaction test, mice were euthanized, and vaginal lavage was conducted to determine estrous cycle stage. Social defeat reduced social interaction time at different stages of the estrous cycle (D). All data are mean 6 SE. **P < 0.01 planned comparison control group vs. stress group, ***P < 0.01 planned comparison control group vs. stress group. Reprinted from Trainor et al. (2011). but, even then, the change in behavior is less prolonged than in defeated males (Solomon et al., 2007) . Curiously, nondefeated females display normal territorial aggression without regard to hormonal status (Solomon et al., 2007) . These results suggest that the estrus cycle plays a small role in the development of conditioned defeat in female hamsters but by itself cannot explain the sex differences in behavior between defeated males and females.
From an evolutionary perspective, it is possible that female hamsters are more resilient to conditioned defeat than males because of their reproductive strategies. Field observations indicate that there may be important sex differences in the context of how Syrian hamster aggressive encounters are staged (cited by Bath and Johnston, 2007) . Aggressive interactions observed among male hamsters involved two males competing for a female in estrus. However, aggressive interactions among females are thought to occur primarily to defend the burrow, stored food, or pups. Therefore, losing an aggressive interaction could be more costly to females than males. This might result in selection for enhanced aggression in females. The link between increased aggression and reduced susceptibility to social stress has also been observed in male California mice.
Mice (Mus musculus) and Rats (Rattus norvegicus)
Although many research groups have demonstrated that social defeat stress reduces male social interaction behavior in C57Bl/6, strain differences have been observed, with BALB/c mice being more susceptible to defeat (Savignac et al., 2011) and FVB mice being more resilient (Liu et al., 2015) . In Wistar (Lukas et al., 2011) and Tyron (Meerlo et al., 1996) rats, social defeat also reduces social interaction behavior in males. To date, no study has documented the effects of defeat stress on female social interaction behavior in these species. For rats, the lactating dam model could be used to assess the impact of defeat on female social behavior. For mice, the witness defeat model (Sial et al., 2016) might represent an important tool for assessing how social stress affects female behavior.
EFFECTS OF SOCIAL DEFEAT ON
DRUG-SEEKING BEHAVIOR Drug abuse is affected by a combination of behavioral processes, including motivation to obtain the drug (incentive salience) and the rewarding properties of the drug (hedonic impact). It is significant that motivation to obtain a drug can be dissociated from the rewarding properties of the drug (Berridge et al., 2009) . Therefore, it is important to disentangle these components in studies examining neurobiological mechanisms related to addiction. A common approach for investigating motivation is the self-administration model, which typically consists of four phases, acquisition, maintenance, extinction, and reinstatement (Panlilio and Goldberg, 2007) . Animals must first learn to acquire the drug and then maintain self-administration. Drug-seeking behavior is usually extinguished after a period of abstinence when the drug is no longer available. However, drug-seeking behavior can be reinstated in a model of relapse by priming (re-exposure to the drug), exposure to drug-associated cues, or exposure stress (Panlilio and Goldberg, 2007) . A second approach to examine the rewarding properties of a drug is conditioned place preference (CPP), in which animals are conditioned to associate the properties of the drug with a specific environment (Bardo and Bevins, 2000) . In this test, the drug is administered by the experimenter, so the results are considered to be driven more by reward value of the drug than by the motivation to obtain the drug. Social defeat stress has been shown to affect both motivation to obtain drugs and the rewarding properties.
The effects of defeat on the motivation to obtain drugs, such as cocaine, have been examined extensively with self-administration. Male rats assigned to four episodes of defeat stress over a 10-day period acquire cocaine self-administration more rapidly than nonstressed controls (Covington and Miczek, 2005; Yap et al., 2015) . In addition, after acquisition of cocaine self-administration, a brief episode of defeat immediately before drug access increases rates of self-administration (Miczek and Mutschler, 1996) . In part because of smaller body size, it is more technically challenging to perform self-administration studies in mice. However, a recent study showed that male Swiss Webster mice exposed to 10 days of defeat self-administered significantly more cocaine over 2 hr than controls during a maintenance session (Han et al., 2015) . These results indicate that four to 10 episodes of defeat stress increase the motivation to acquire cocaine. In contrast, continued exposure to defeat over a longer period of about 1 month suppresses cocaine administration (Miczek et al., 2011) . This suggests that continuous, uncontrollable exposure to defeat may be triggering anhedonia. To measure a change in the value of a reward such as cocaine, CPP assays have proved useful.
In male C57Bl/6 mice, defeat stress generally potentiates the CPP for the drug-paired chamber compared with unstressed mice (McLaughlin et al., 2006; Hymel et al., 2014) . Defeat also inhibits the extinction of cocaine-induced CPP (Montagud-Romero et al., 2015) . Finally, social defeat facilitates the reinstatement of cocaine CPP after extinction (Land et al., 2009; Ribeiro Do Couto et al., 2009; Titomanlio et al., 2013; Montagud-Romero et al., 2015) . These results indicate that intermittent defeat increases the reward value of cocaine and increases the likelihood that an individual will seek cocaine after a period of abstinence. These results are in line with clinical data indicating that psychosocial stress is a strong risk factor for relapse after treatment for substance abuse disorders (Sinha, 2008) .
The effect of social defeat stress on drug-seeking behavior in female rodents has been confined to the lactating rat dam model. Female rats acquire cocaine selfadministration more readily than males, an effect that is mediated by estradiol (Jackson et al., 2006) . Both male and female rats exposed to social defeat self-administered more cocaine than control rats (Haney et al., 1995) .
Similarly, defeat was found to increase the total number of cocaine infusions in both male and female rats given unlimited access to cocaine (Holly et al., 2012) . However, although stressed males stopped cocaine selfadministration 12-13 hr into the binge session, females continued to self-administer cocaine for 24 hr. It appears that, in female rats, defeat inhibits homeostatic responses that reduce cocaine self-administration in males after 12 hr. These results suggest that longer term observations are required to observe sex difference in the effects of social defeat on the motivation to use cocaine. To the best of our knowledge, no study has examined the effect of social defeat on place preference, extinction, or reinstatement in female rodents.
EFFECTS OF SOCIAL DEFEAT ON THE
MESOLIMBIC DOPAMINE SYSTEM Drugs of abuse such as cocaine acutely engage the mesolimbic dopamine system, which, in turn, is an important regulator of social behaviors. Not surprisingly, the mesolimbic dopamine system is strongly impacted by social defeat stress. In addition to short-term effects, social defeat induces a persistent increase in phasic firing of dopamine neurons in the VTA (Krishnan et al., 2007; Cao et al., 2010) . In susceptible mice exposed to defeat, the average frequency of neuronal firing increases to about 3.0 Hz compared with 2.0 Hz observed in nondefeated controls (Krishnan et al., 2007) . This change in activity, especially in VTA neurons projecting to the NAc (Krishnan et al., 2007; Chaudhury et al., 2013) , directly contributes to at least some of the behavioral changes induced by defeat.
Short-Term Effects
During episodes of social defeat, the mesolimbic dopamine system is activated. For example, in male rats, dopamine release into the NAc is increased during episodes of defeat (Tidey and Miczek, 1996) . This was an early clue that dopamine release in the NAc was not a simple reward signal. The degree to which VTA dopamine neurons respond to social defeat is topographically organized. Neurophysiology studies of anesthetized rats suggest that ventral VTA dopamine neurons respond more strongly to aversive contexts than dorsal VTA dopamine neurons (Brischoux et al., 2009 ). This hypothesis is supported in c-fos/tyrosine hydroxylase (TH) immunostaining study of male and female California mice exposed to defeat or control conditions. Female California mice exposed to three episodes of defeat (but not a single episode) had more TH/c-fos-positive cells in the ventral (but not dorsal) VTA compared with control females, but defeat did not affect TH/c-fos colocalizations in males (Greenberg et al., 2015) . Finally, dopamine in the NAc appears to be critical for the acquisition and expression of conditioned defeat in male hamsters. During a training period, hamsters experienced defeat from a resident aggressor, and on the next day focal hamsters were tested in a resident-intruder test in which a nonaggressive intruder was placed into the home cage (Gray et al., 2015) . Hamsters that had received an infusion of the nonspecific D1/D2 receptor antagonist cis(z)flupenthixol (3.75 mg) into the NAc either before social defeat training or before the resident-intruder test exhibited decreased submissive behavior during testing (Gray et al., 2015) . In hamsters that did not experience social defeat, infusions of the antagonist into the NAc resulted in normal aggressive behavior during the resident-intruder test. This indicates that dopamine signaling in the NAc is important in modulating the expression and acquisition of stress-induced conditioned defeat.
Long-Term Effects
Exposure to defeat stress also induces long-term changes in the VTA-NAc circuit. Chaudhury et al. (2013) selectively targeted NAc-projecting VTA neurons by injecting a Cre-expressing pseudorabies virus into the NAc and a Cre-dependent channel rhodopsin (ChR2)-expressing virus into the VTA. The pseudorabies virus was taken up by VTA terminals in the NAc and delivered to VTA cell bodies through retrograde transport. Thus, only the VTA neurons projecting to the NAc expressed the Cre enzyme. This is important because the ChR2-expressing vector contained a double-floxed sequence that had to be removed by Cre to activate the ChR2. Almost all of the cells expressing ChR2 were dopamine neurons, which allowed the authors to induce phasic firing with optical stimulation. Mice expressing these viruses underwent subthreshold defeat stress (two short episodes in 1 day) that, by itself, does not induce social withdrawal or other depression-like behaviors (Krishnan et al., 2007; Iniguez et al., 2010) . Subthreshold defeat plus phasic optical stimulation of VTA dopamine neurons either during defeat or during social interaction induced social withdrawal (Chaudhury et al., 2013) . Phasic activation of these same neurons in nondefeated controls had no effect, as did tonic activation in mice assigned to subthreshold defeat. Another group of mice was assigned to chronic social defeat (10 days), which induces phasic firing of VTA dopamine neurons and social withdrawal. A combination of a retrograde Cre-virus and halorhodopsin allowed for the inhibition of these hyperactive VTA neurons. Optical inhibition of VTA dopamine neurons projecting to the NAc restored normal levels of social interaction (Chaudhury et al., 2013) . It is clear that activation of these neurons is essential for stress-induced social withdrawal, but their role is complex. Development of depression-like behavior depends both on the specific firing pattern of the neurons and on the severity of the previous exposure to stress.
The effects of defeat on the mesolimbic system are long lasting, and some of these effects appear to be mediated by brain-derived neurotrophic factor (BDNF; Nestler and Carlezon, 2006) . A major source of BDNF in the NAc is the VTA (Berton et al., 2006) , and the binding of BDNF to tropomyosin receptor kinase B (TrkB) on dopaminergic nerve terminals in the NAc potentiates the release of dopamine (Goggi et al., 2003) . Berton et al. (2006) showed that male C57Bl/6 mice exposed to social defeat exhibited decreased social interaction and increased BDNF in NAc. Viral expression of Cre in VTA dopamine neurons of floxed Bdnf mice blocked the development of social withdrawal after social defeat (Berton et al., 2006) . Furthermore, only susceptible mice had increased BDNF in the NAc, and infusion of BDNF into the NAc enhanced susceptibility to defeat stress, whereas blocking ERK signaling (a downstream pathway of BDNF receptor TrkB) promoted resilience (Krishnan et al., 2007) . Similarly, male rats subjected to intermittent social defeat stress also had increased BDNF-positive cells in the NAc (Nikulina et al., 2012) . Altogether, these findings suggest that susceptibility is facilitated by a defeat-induced increase in VTA activity, leading to an increase in BDNF in the NAc. In contrast, resilience is facilitated by inhibiting activity of VTA dopamine neurons. For example, changes in ion channel expression induced by repeated optical stimulation of the VTA can decrease firing rate and increase resilience to defeat stress (Friedman et al., 2014) . BDNF release in the NAc may be a mechanism to promote neuroplasticity in the face of a stressor, but continued release after chronic stress may promote depression-like behaviors.
Several lines of evidence suggest that social defeat also affects the VTA-NAc circuit in females. Campi et al. (2014) reported higher total dopamine and homovanillic acid (HVA) content in NAc punch samples from stressed female and male California mice compared with controls. Similarly, after a cocaine challenge, intermittently defeated female rats exhibited a sustained increase in dopamine release in the NAc compared with a short-term increase in defeated males (Holly et al., 2012; see Fig. 2 ). Also, after a cocaine challenge, susceptible female rats had significantly higher dopamine and serotonin release in the NAc compared with resilient females . Moreover, 2 weeks after exposure to social defeat stress, both stressed and control females displayed increased TH/ c-fos colocalizations across the entire VTA compared with males (Greenberg et al., 2015) . However, c-fos immunoreactivity is probably not the optimal technique for examining long-term changes in activity, and perhaps there is a different marker that would be more useful. These results are in line with the results from males, indicating that resilience to defeat is associated with blunted responses of VTA dopamine neurons.
An analysis of D1 receptor gene expression in the NAc and the prefrontal cortex showed no effects of defeat in male or female California mice . The role of D1 receptors was investigated because defeat stress induces an increase in phosphorylated cAMP response element-binding protein (CREB) in the NAc shell of females but not males (Trainor et al., 2011) . Activation of D1 receptors increases cAMP, which in turn leads to CREB phosphorylation. A D1 receptor agonist directly infused into the NAc decreased social interaction in unstressed females but not males, whereas D1 receptor antagonist infusions increased social interaction in stressed females . These results suggest that defeat-induced hyperactivity in the VTA-NAc circuit may generalize to female California mice. These results also show that D1-like receptor activation in the NAc is both essential and sufficient to produce stress-induced social withdrawal in females but not males. The sex difference in the of role D1-like receptors in social interaction behavior does not appear to occur at the level of receptor gene expression in the NAc because there were no sex differences in D1 receptor gene expression. In addition, both stressed males and females had increased levels of dopamine metabolites , suggesting no sex differences in dopamine breakdown. Overall, these results suggest that the sex difference in how defeat affects social interaction is mediated through a mechanism downstream of D1-like receptors. One pathway that may be engaged by the activation of D1 neurons is the j-opioid receptor (KOR) system. Medium spiny neurons that express D1 receptors coexpress dynorphin, the primary endogenous ligand for KOR (Hara et al., 2006) . KORs are important modulators of other neurotransmitters. For example, KOR activation enhances serotonin reuptake (Schindler et al., 2012) , which could in turn modulate social interaction. Exciting recent research has been initiated to investigate how gene regulation within the NAc underlies the effect of stress on motivated behaviors in males and females. Hodes et al. (2015) used RNA-seq analysis in the NAc to show that subchronic variable stress (SCVS) induces vastly different changes in gene expression in female and male C57Bl/6 mice. In female mice, no study has successfully used social defeat stress, so SCVS has emerged as an important model of stress-induced psychiatric disease. When subjected to SCVS, female but not male C57Bl/6 mice show depression-like behaviors (LaPlant et al., 2009; Hodes et al., 2015) . One of the genes that was upregulated in females only after SCVS was DNA methyltransferase 3a (Dnmt3a), which points to epigenetic mechanisms of gene regulation in sex differences. Knocking out Dnmt3a in the NAc promotes resilience in females, and upregulating Dnmt3a produces prodepression-like behavior in both males and females exposed to a subthreshold regimen of variable stress (LaPlant et al., 2010; Hodes et al., 2015) . In the NAc, although there are some transcriptional similarities between Dnmt3a knockout females (i.e., resilient females) and resilient males, there are many differences in upregulated and downregulated genes in resilient males and females showing similar phenotypes (Hodes et al., 2015) . This indicates a possible sex-dependent mechanism involved in susceptibility to stress. Corroborating the Dnmt3a data in mice, in human NAc, Dnmt3a is elevated in both male and female patients with depression and shows a trend to decrease with treatment with antidepressants (Hodes et al., 2015) . Additional research is required to investigate other candidate genes important in stress resilience and susceptibility in males and females and to determine whether changes in gene expression are similar in animals subjected to social defeat stress.
EFFECTS OF SOCIAL DEFEAT ON THE BNST
The BNST is an important brain region for integrating information from the mesolimbic dopamine system and the social behavior network (O'Connell and Hofmann, 2011) . It has connections to the VTA and amygdala and has been shown to be important in the development of psychiatric disorders such as posttraumatic stress disorder and social anxiety (Lebow and Chen, 2016) . Additionally, portions of the BNST are sexually dimorphic in both humans and rodents, with males having a larger volume than females and a different neurochemical distribution (Allen and Gorski, 1990; Han and De Vries, 2003; Campi et al., 2013; Lebow and Chen, 2016) . Therefore, the BNST may play an important role in the development and treatment of stress-induced psychiatric disorders that affect males and females disproportionately.
The BNST strongly influences the expression of conditioned defeat in male hamsters. Infusion of the GABA A agonist muscimol (1.1 or 2.2 nmol) into the anterolateral BNST of male hamsters prior to social defeat does not affect submissive behavior during conditioned defeat testing (Markham et al., 2009 ). However, infusion of muscimol prior to conditioned defeat testing causes a significant decrease in submissive behaviors and an increase in nonsocial behaviors (e.g., locomotion, exploration, and grooming; Markham et al., 2009) . It has also been demonstrated that infusion of a corticotrophinreleasing factor receptor antagonist, D-Phe CRF 12-41 (250 ng), into the BNST prior to conditioned defeat testing blocks the expression of submissive behavior in male hamsters exposed to social defeat (Jasnow et al., 2004) . These studies indicate that the anterolateral BNST is critical in the expression of conditioned defeat in male hamsters. Investigations of the relationship between social defeat and the BNST in females reveal long-term changes in more anterior regions of the BNST.
In general, the anterior BNST is not noted for being sexually dimorphic, but important sex differences in the effect of defeat on BDNF were discovered in anterior subregions of the BNST. After 3 days of social defeat stress, there is a significant increase in BDNF protein but not mRNA in the anterior subregions of the BNST in female but not male California mice . Increased BDNF protein in stressed females is normalized by chronic but not acute sertraline treatment, which also normalizes social interaction behavior . Furthermore, infusion of the specific TrkB antagonist ANA-12 (3 mg) into the anterior BNST blocks the effect of social defeat on social interaction in stressed females, providing direct evidence that this stressinduced molecular change contributes to the social withdrawal phenotype. In contrast to studies conducted in male C57Bl/6, defeat stress does not induce changes in the adjacent NAc of stressed female California mice . Currently, the mechanism for increased BDNF protein expression in the BNST without a corresponding increase in mRNA is unknown. One possibility is that BDNF protein in the BNST is synthesized elsewhere, similarly to how BDNF in the NAc appears to originate from VTA dopamine neurons.
The effects of stress in the BNST might alter behavior in other contexts of motivated behavior as well. For example, in males, there is evidence that repeated exposure to alcohol and stressors sensitizes corticotropinreleasing factor activity in the BNST, leading to anxietylike behaviors during withdrawal and increasing the likelihood of stress-induced alcohol reinstatement (Silberman and Winder, 2013) . However, the effect of social defeat stress on alcohol consumption in females has not been examined.
CONCLUSIONS
Understanding how stress affects neurobiological systems associated with psychological disorders is an essential step for translational work that can lead to the development of new therapeutic approaches. Social defeat stress methods have provided important insights into the neurobiological mechanisms contributing to behavioral phenotypes such as social withdrawal and anhedonia. New approaches that allow the examination of these mechanisms in females have already yielded important discoveries. In some cases, males and females respond similarly to defeat stress; work in female California mice supports the hypothesis that defeat induces hyperactivity in the VTA-NAc circuit, as has been observed in male mice and rats. Important sex differences have also be observed. In general, females selfadminister drugs of abuse more readily than males (Becker and Koob, 2016) , and psychosocial stress can enhance this process. After social defeat stress, sex differences in rat cocaine administration were not evident until 12 hr into a binge session. Work in mice indicates that increased Dnmt3a expression in the NAc enhances female vulnerability to psychosocial stress. It seems likely that delayed sex differences in behavior following social defeat stress could be mediated by epigenetic processes. Sex differences in behavioral responses to social defeat are also mediated by the BNST. However, it is the anterior subregions of the BNST (which are not sexually dimorphic at the anatomical level) that mediate stress-induced social withdrawal in females and not the sexually dimorphic posterior subregions of the BNST. These studies in rodents have provided valuable insights into neurobiological mechanisms that may also be present in humans.
Translating these results to the human condition is challenging. Currently, it is not feasible to perform electrophysiological recordings on human VTA dopamine neurons, and it is possible to examine subregions of the BNST in humans only with postmortem tissue samples. However, other model systems could provide a valuable bridge. For example, examination of socially subordinate female cynomolgus monkeys, which display depressionlike behaviors (Willard et al., 2013) , provides a unique perspective on how social stressors affect brain and behavior in a species that has a complex social system more similar to that of humans. Although primate systems more closely resemble the human condition, rodent models provide more opportunity for mechanistic analysis. Conducting basic and translational research in a broad range of model systems provides a better understanding of how mechanisms of behavior are conserved across species. The commonalities that emerge provide the most promising directions for devising new approaches for treating mental illness. Social defeat models in California mice, rats, and hamsters provide an opportunity to examine these mechanisms in both males and females.
